Bacteriophage 29 is typical of double-stranded DNA viruses in that its genome is packaged into a preformed procapsid during maturation. An intriguing feature of 29 assembly is that a virus-encoded RNA (pRNA) is required for the packaging of its genomic DNA. Psoralen cross-linking, primer extension, and T 1 RNase partial digestion revealed that pRNA had at least two conformations; one was able to bind procapsids, and the other was not. In the presence of Mg 2؉ , one stretch of pRNA, consisting of bases 31 to 35, was confirmed to be proximal to base 69, as revealed by its efficient cross-linking by psoralen. Two cross-linking sites in the helical region were identified. Mg 2؉ induced a conformational change of pRNA that exposes the portal protein binding site by promoting the refolding of two strands of the procapsid binding region, resulting in the formation of pRNA-procapsid complexes. The procapsid binding region in this binding-competent conformation could not be cross-linked with psoralen. When the two strands of the procapsid binding region were fastened by cross-linking, pRNA could neither bind procapsids nor package 29 DNA. A pRNA conformational change was also discernible by comparison of migration rates in native EDTA and Mg 2؉ polyacrylamide gel electrophoresis and was revealed by T 1 RNase probing. The Mg 2؉ concentration required for the detection of a change in pRNA cross-linking patterns was 1 mM, which was the same as that required for pRNA-procapsid complex formation and DNA packaging and was also close to that in normal host cells.
Bacteriophage 29 of Bacillus subtilis packages its genomic DNA into a procapsid with the aid of the DNA-packaging ATPase gp16 during its maturation. We have been able to package 29 DNA into procapsids in a defined in vitro system with up to 90% efficiency (8, 10, 11) . The DNA-filled procapsids can be converted to infectious virions after the in vitro addition of neck, tail, and morphogenic proteins produced from cloned genes (17, 18) , thereby providing a convenient assay for the function of packaging components (7, 11, 19, 24, 25, 32, 34, 35) . One intriguing feature of 29 is that a 120-base 29-encoded RNA (pRNA) is required for DNA encapsidation (6) . The presence of similar RNA molecules has been identified in the B. subtilis double-stranded DNA phages SF5, M2, NF, GA1, and PZA (1), as well as in phage Cp-1 of Streptococcus pneumoniae (20) . Phylogenetic analysis of all reported pRNAs from both B. subtilis and S. pneumoniae phages shows very low sequence homology and few conserved bases, yet members of the family of pRNAs appear to have similar predicted secondary structures (1, 20) . Beyond its presence in phages, there is only postulation of such RNA involvement in genome encapsidation of other animal viruses, such as poxvirus (21) or adenovirus (14) . Nonetheless, the requirement for pRNA is very specific (1, 11, 34) , since pRNAs from these related viruses fail to function in 29 DNA packaging (1), as do RNA pools from Escherichia coli, including 5S rRNA (11) . Also, single-base mutations can result in the loss of pRNA activity (22, 23, 25, 28, 29, 32, 34) . Each procapsid possesses six copies of pRNA molecules, and all of them are needed for the translocation of 29 genomic DNA (22, 24, 25, 28) . pRNA can be a potential target for antiviral agents. We have demonstrated strong inhibition of viral assembly by targeting pRNA with antisense oligonucleotides in vitro (33) and complete blockage of plaque formation with mutant pRNA in vivo (25) .
RNA molecules are able to play both structural and enzymatic roles. Understanding of RNA structure will facilitate the elucidation of RNA function. 29 pRNA has been found to play a vital role in the DNA translocation process, which involves energy transformation. How could pRNA perform a physical task in collaborating with other components to force the DNA into the protein shell? Obviously, the conformational change of pRNA is one of the aspects involved in explication of a process involving migration and motion. More than one conformational change in pRNA is expected during this elaborate and intricate DNA packaging process. The interaction of pRNA with each participating component, such as Mg 2ϩ , ATP, DNA packaging protein gp16, DNA-gp3, and procapsids, might result in respective conformational changes. Although RNA conformational change could be a universal process, information regarding this process is limited. Mg 2ϩ is required for the packaging of 29 DNA (3, 9). In the presence of Mg 2ϩ , pRNA is known to bind to the portal vertex (5, 22) , an oligomeric aperture through which DNA passes to enter the capsid (26 
MATERIALS AND METHODS
Synthesis of pRNA molecules. Plasmid PCR7/11, a derivative of PCRII (Invitrogen, San Diego, Calif.) containing coding sequences of wild-type-phenotype pRNA 7/11 (35) , was linearized with EcoRI. The resulting linearized DNA served as a template to generate RNA fragments by in vitro transcription with T7 RNA polymerase as described previously (32, 35) .
Electrophoretic mobility assays. pRNA (0.1 to 0.2 g) was applied onto an 8% nondenaturing polyacrylamide gel (monomer/bis ratio, 19:1) with TBM (89 mM Tris-borate [pH 8.0], 1 mM MgCl 2 ) (31) or TBE (89 mM Tris-borate, 2 mM EDTA, pH 8.0) as the running buffer. The relative mobility of pRNA was compared with those of nonspecific RNA and a DNA ladder.
Psoralen cross-linking. Cross-linking of pRNA with 4Ј-aminomethyl-4,5Ј,8-trimethylpsoralen (AMT) was performed as described previously (27) . Briefly, 0.2 to 1.0 g of pRNA in 10 l of H 2 O, unless otherwise indicated, and 1 l of 200-ng/ml AMT were mixed on ice and then spotted onto prechilled Parafilm floating on ice water, with each drop less than 10 l. The samples were irradiated with long-wave UV from a UVGL-25 instrument (UVP Inc.) with a distance of 4 to 5 cm for 50 to 60 min. The cross-linked mixture was mixed with an equal volume of 2ϫ loading buffer (0.01% xylene, 0.01% bromophenol blue, 10 M urea in 0.1ϫ TBE) before being loaded onto an 8 M urea-10% polyacrylamide gel to separate cross-linked products from un-cross-linked pRNA. Both the crosslinked and un-cross-linked pRNAs were excised from the gel, eluted, and ethanol precipitated for further analysis.
Primer extension. The modified avian myeloblastosis virus (AMV) reverse transcriptase primer extension system (Promega) was used. One microliter (100 fmol) of 32 P-labeled primer and 50 to 100 ng of pRNA in 5 l of H 2 O were mixed with 5 l of 2ϫ AMV PE (primer extension) buffer and then heated at 65ЊC for 20 min. The reaction mixtures were then cooled at room temperature for 10 min to anneal the primer and RNA. Elongation was initiated by adding 5 l of 2ϫ AMV PE buffer, 2 l of 40 mM sodium pyrophosphate, 1 l of AMV reverse transcriptase (1 U/l), and 1 l of nuclease-free H 2 O. The reaction mixture was incubated at 54ЊC for 30 min. Each sample was then mixed with 20 l of loading buffer and heated to 90ЊC for 10 min, and 8 l of each sample was loaded directly onto an 8% sequencing gel.
T 1 RNase probing. Ten to 20 nanograms of 5Ј-end 32 P-labeled pRNA (approximately 3,000 cpm) in 2 l of H 2 O was mixed with 6 l of carrier tRNA (1.75 g/l) and dialyzed on a 0.025-m-pore-size type VS filter membrane (Millipore Corp.) against TBE for 15 min. Half of the sample was then transferred into an Eppendorf tube, and the other half was further dialyzed on the VS filter membrane against TMS (50 mM Tris [pH 7.8], 100 mM NaCl, 10 mM MgCl 2 ) for 30 min. One microliter of T 1 RNase (1 U/l; from the RNA-sequencing kit from U.S. Biochemicals) was added to both samples. After 15 min at ambient temperature, the reactions were stopped by adding an equal volume of stop solution (95% formamide, 0.025% xylene, 10 mM EDTA), and the mixtures were loaded onto an 8% sequencing gel. Both T 1 RNase and alkaline hydrolysis ladders were generated according to the instructions in the RNA-sequencing kit (U.S. Biochemicals).
Assays for pRNA binding to procapsids. Binding assays were performed by using sucrose gradient sedimentation to determine an Mg 2ϩ requirement for procapsid binding (5) . Briefly, 10 l of purified procapsids (2 mg/ml) was dialyzed on a 0.025-m-pore-size type VS filter membrane (Millipore Corp.) against TBE buffer (17) for 10 min at ambient temperature to remove residual Mg 2ϩ , and then [ 3 H]pRNA was added. After being dialyzed for another 15 min against TBE, the mixtures were dialyzed against TS buffer (50 mM Tris [pH 7.8], 100 mM NaCl), with various concentrations of MgCl 2 , for 30 min at ambient temperature. After incubation, the mixtures were diluted with 0.1 ml of TS containing the respective concentration of MgCl 2 and then loaded on top of a 5 to 20% sucrose gradient (prepared in TS containing the respective concentration of MgCl 2 ) and spun in a Beckman L-80 ultracentrifuge at 35,000 rpm for 30 min at 20ЊC in a SW55 rotor. Fractions were collected from the bottom of the tube and subjected to liquid scintillation counting.
In vitro 29 assembly. The purification of procapsids (7, 11, 12) , gp16 (8) , and DNA-gp3 (17) ; the preparation of neck and tail extracts (17) (18) (19) ; and the assembly of infectious 29 virion in vitro (17-19) have been described previously. Briefly, purified procapsids (2 mg/ml) were dialyzed on a 0.025-m-pore-size type VS filter membrane (Millipore Corp.) against TBE for 10 min at room temperature. Mixtures of mutant and wild-type pRNAs (in nuclease-free H 2 O) in various ratios were added to the dialyzed procapsids. The procapsid-pRNA mixtures were dialyzed for another 15 min against TBE and then for 30 min against TMS. The pRNA-enriched procapsids were mixed with gp16, DNA-gp3, and reaction buffer (10 mM ATP, 6 mM 2-mercaptoethanol, and 3 mM spermidine in TMS) to complete the DNA-packaging reaction. After 30 min, neck, tail, and morphogenic proteins were added to the DNA-packaging reaction mixtures to complete the assembly of infectious virions, which were assayed by standard plaque formation.
RESULTS

Mg
2؉ caused a pRNA conformational change revealed by native PAGE. The effect of Mg 2ϩ on pRNA conformation was investigated with native 8% polyacrylamide gel electrophoresis (PAGE) (Fig. 1) . In the absence of Mg 2ϩ and the presence of EDTA, pRNA migrated in the gel with a rate similar to that of a DNA fragment of 105 bp (Fig. 1A, lane b) . In the presence of 1 mM Mg 2ϩ and the absence of EDTA, however, pRNA migrated faster, with a rate similar to that of a 120-base control RNA and a DNA fragment of 78 bp (Fig. 1B, lane b) , indicating that only 1 mM Mg 2ϩ was sufficient to induce a pRNA conformational change. The migration rates of the 120-base control 5S rRNA were very similar in EDTA and Mg 2ϩ gels, indicating that its migration rate was not affected by Mg 2ϩ (Fig. 1, lanes a) and suggesting that the effect of Mg 2ϩ was specific to pRNA in this case. Furthermore, to exclude any contamination and degradation, the pRNA band was excised and eluted and was used to package genome DNA by using an in vitro assembly system. It functioned as efficiently as the positive control.
T 1 RNase probing verified a conformational change of pRNA. The Mg 2ϩ -induced pRNA conformational change was verified by T 1 RNase probing (Fig. 2) . The pattern of partial digestion of pRNA by T 1 provided strong evidence for the presence of two conformations, dependent on the presence or absence of Mg 2ϩ . Without Mg 2ϩ , strong cleavages by T 1 were seen at pRNA G 28 , G 30 , and G 34 (Fig. 2, lane B) , while with Mg 2ϩ , these three G's became more resistant to T 1 attack (Fig.  2, lane D) , indicating a conformation change or refolding of pRNA caused by Mg 2ϩ .
Conformational change of pRNA induced by Mg
2؉ analyzed by psoralen cross-linking. The effect of Mg 2ϩ on a pRNA conformational change was further investigated by psoralen cross-linking and electrophoresis in 8 M urea-8% polyacrylamide gels (Fig. 3) . Without Mg 2ϩ , about 40 to 70% of pRNA was cross-linked and migrated slower in urea denaturing gels (Fig. 3, lane b) . When 1 mM Mg 2ϩ was present, the crosslinked band was almost undetectable in the gel (Fig. 3, lane c) . When the concentration of Mg 2ϩ was increased to 5 mM, no such detectable cross-linked pRNAs were observed (Fig. 3,  lane d) . It has been reported that the cross-linking efficiency of RNA with psoralen is not affected by Mg 2ϩ (27) . Control experiments with E. coli 5S rRNA (Fig. 3, lanes h and l) showed that Mg 2ϩ did not affect the cross-linking of 5S rRNA by psoralen (Fig. 3, lanes h to m) . The data suggested that the Mg 2ϩ effects on the cross-linking pattern were specific to pRNA. Furthermore, the Mg 2ϩ -induced conformational change was reversible, since the addition of 10 mM EDTA after incubation of pRNA with 5 mM Mg 2ϩ resulted in the reappearance of the cross-linked pRNA band (Fig. 3, lane e) .
To exclude the possibility that the inhibition of cross-linking was due to the competition of positively charged Mg 2ϩ with psoralen for interaction with the negatively charged RNA, 5 mM Na ϩ was substituted for Mg 2ϩ in cross-linking reactions. Cross-linking was not inhibited when Mg 2ϩ was replaced with Na ϩ (Fig. 3, lanes f and g) . Similarly, pRNA was mixed with psoralen first and incubated on ice for 10 min before the addition of 5 
Identification of cross-linking sites.
Psoralen has been used as a photoactive probe for nucleic acid structures (4, 15, 27, 30) . Psoralen intercalates into RNA molecules, and upon irradiation with 320-to 400-nm light, it freezes proximal uridines of RNA that are within a certain distance and in certain stereo positions (helix, pseudoknot, etc.) by covalent attachment. The preferred nucleotides for intercalation are pyrimidines (U Ͼ C Ͼ A Ͼ G). Primer extension was used to identify the sites of cross-linking with primers to variable locations. Cross-linking sites in cross-linked pRNAs obtained without Mg 2ϩ were shown (Fig. 4 and 5) . All sites were located in one predicted helical region in the middle of the pRNA (Fig. 5A) . In the upper strand there was a strong stop at U 36 and two weak stops at G 34 and A 32 , which indicate a strong cross-linking site at U 35 and two weak cross-linking sites at U 31 and U 33 , since primer extension stops one base prior to the cross-linked site (13) . In the lower strand there was a strong stop at A 70 and a weak stop at A 68 , which indicate a strong cross-linking site at U 69 and a weak cross-linking site at C 67 .
The two strong stop sites were U 35 and U 69 . Both U's are located in a predicted helical region. However, no cross-linking occurred at these two locations when Mg 2ϩ was present, indicating that Mg 2ϩ caused refolding of pRNA. Also, this crosslinked region has been found to contact portal protein directly (Fig. 5) (22, 33) . Refolding of the helix might provide a suitable structure for the binding to portal protein gp10. It is interesting to find that the strongest cross-linking site in the upper strand was neither U 31 nor U 33 , as expected from computer predictions, but U 35 . The detailed tertiary structure of this helical region remains to be further investigated.
When excess psoralen is used in RNA cross-linking, monoadducts (one psoralen molecule attaches to one U only) will be the major side products. In our case, pRNAs with monoadducts had a migration rate similar to that of un-cross-linked normal pRNA in the urea gel. These pRNAs were active in 29 assembly, although with a 10-fold decrease in activity. The pRNAs with monoadducts showed extra stops in primer extension (Fig. 4A , lane e) in comparison to wild-type-phenotype pRNA (Fig. 4A, lane b) .
Minimum Mg
2؉ concentration requirement. To understand the role of Mg 2ϩ , the minimum Mg 2ϩ concentration requirement for pRNA binding to procapsids was further analyzed with the use of sucrose gradient sedimentation (Fig. 6) . One millimolar was required and sufficient for the binding of pRNA to procapsids. The same threshold concentration of 1 mM was observed for the packaging of 29 DNA and for the assembly of infectious 29 particles (data not shown). Since a prerequisite for the assembly of infectious virions is the packaging of 29 DNA and since a prerequisite for DNA packaging is the binding of pRNA to procapsids, the identical requirement of 1 mM Mg 2ϩ in both of these reactions suggests that the requirement of Mg 2ϩ might be related to the first step of the reaction, i.e., the conformational change of pRNA before binding to procapsids.
It has been reported that Mg 2ϩ frequently promotes reactions in which RNA is involved, such as protein recognition or RNA-protein interaction (16) . Stabilization of the RNA structure by Mg 2ϩ has been categorized into two classes with respect to Mg 2ϩ binding sites. Class 2 interactions are nonspecific, predominantly electrostatic interactions between the ion and the RNA backbone phosphates. For this class, the Mg 2ϩ concentration needed is generally more than 0.1 M. Class 1 interactions are generally more specific with a higher affinity (K D of around 0.1 to 1 mM). A Mg 2ϩ requirement of 1 mM in pRNA-procapsid binding is within the range of those previously reported for class 1 interactions. Whether there is a specific Mg 2ϩ binding site within pRNA remains to be investigated. The 1 mM concentration reported here is the threshold concentration rather than the optimal concentration reported by Reid et al. (22) .
Cross-linked pRNA is incompetent for procapsid binding and DNA packaging. To further test whether the refolding of the two strands in a procapsid binding region is needed for pRNA to bind procapsids and to package 29 DNA, active pRNA was cross-linked with psoralen. After cross-linking, pRNAs with different conformations were separated by denaturing PAGE. The band corresponding to the cross-linked pRNA was isolated from the gel and purified. Primer extension was performed to verify the cross-linking sites. Our results showed that the cross-linked pRNA was not able to bind procapsids, nor was it active in 29 DNA packaging (Fig. 7) . The un-cross-linked pRNA band was also isolated. This un-crosslinked pRNA was able to package 29 DNA (data not shown) with less than a 10-fold reduction, indicating the incompetence of the cross-linked pRNA in 29 procapsid binding and indicating that DNA packaging was not due to the influence of psoralen monoadducts resulting from UV irradiation. These results indicate that refolding of the helix consisting of box A and/or box B (Fig. 5B) , within the procapsid binding region, is required for the binding of pRNA to procapsids.
DISCUSSION
We found that Mg 2ϩ is required for the binding of pRNA to procapsids (5) . Without Mg 2ϩ , two stretches of pRNA sequences, referred to as box A and box B (Fig. 5B) , were efficiently cross-linked by psoralen, suggesting that, in the ab- sence of Mg 2ϩ , box A and box B are proximal. In the presence of Mg 2ϩ , box A and box B could not be cross-linked by psoralen, suggesting that the interaction of boxes A and B was altered. In addition, primer extension of cross-linked pRNA demonstrated more than one stop. It is possible that more than one pRNA conformation might exist in solution. All stops were located in the region comprising box A and box B. This region has been reported to contact procapsids directly (22) . The results of cross-linking suggest that Mg 2ϩ induced a transition or refolding of box A and box B that led to the exposure of the procapsid binding sequence. They also imply that such a transition or refolding occurred before pRNA binds to procapsid. This implication was supported by the cleavage pattern of T 1 nuclease and native gel electrophoresis. T 1 RNase digestion and native gel electrophoresis revealed a conformational change of pRNA in the presence of Mg 2ϩ without the presence of procapsids. This implication is further supported by the fact that when box A and box B were fastened by cross-linking, thus losing the flexibility to refold, neither procapsid binding capacity nor DNA packaging activity was detected. Although it still cannot be completely ruled out that all the changes reported in this communication were the consequence of Mg 2ϩ binding to this region, all evidence reported here supports the conclusion that Mg 2ϩ induced a conformational change of pRNA by inducing the shifting or refolding of box A and box B, thus generating a pRNA with a nascent conformation competent to bind procapsids. VOL. 71, 1997 Mg-INDUCED CONFORMATIONAL CHANGE OF PACKAGING RNA
